The intraspecific variation of climate-growth relationships observed on provenance trials results from among-provenance differences in phenotypic plasticity. Temporal variation in radial growth synchrony among provenances may be modified by adverse climatic/biotic conditions such as drought or insect defoliation. However, these factors can potentially diminish provenance-specific growth reactions and, consequently, prevent the identification of provenances with the highest adaptive potential. Thus, understanding the influence of major biotic conditions on provenance-specific climate-growth relationships seems to be important to anticipate climate change. To determine provenance-specific growth patterns in relation to climate conditions (drought), seed production (reproductive effort), and insect defoliation in a common garden of Scots pine (Pinus sylvestris L.), we applied dendroecological techniques to time-series of tree-ring widths and basal area increments. The long-term records of seed production and insect outbreaks from the local Scots pine stands were used to explain the potential effect of biotic factors on the temporal dynamics of radial growth synchrony. During a period of favorable growth conditions, Scots pine provenances showed a decline in inter-provenance synchronicity in growth patterns, while during years affected by severe soil water deficit and insect defoliation, they manifested high uniformity in growth dynamics. The long-term trend in growth synchrony among P. sylvestris provenances depend on both abiotic and biotic environmental factors. This gains significance following an introduction of the appropriate selection of tree provenances for climate-smart forestry.
Introduction
In the face of climate change, understanding the phenotypic plasticity of forest trees in relation to biotic and abiotic factors driving adaptation processes may support climate-adapted forest management [1, 2] The frequency and severity of disturbances will increase under climate change in forest ecosystems [3, 4] . Provenance experiments originally established to assess inter-species variability in productivity and growth performance have recently gained importance as a valuable source of Recent studies indicate that provenances differing in terms of the climate of their origin manifest different growth reactions for both optimal and adverse climatic conditions [7, 17] . However, the effect of biotic factors on climate-growth relationships, namely the reproductive effort and defoliation caused by insect outbreaks, usually affects all populations of a given species within the same region. We hypothesized that (a) climate transfer affects provenance-specific growth sensitivity to soil water deficit, (b) growth resilience after severe insect defoliation differs among provenances, and that (c) both insect defoliation and large seed production modulate long-term trends in growth synchronicity among Scots pine provenances.
Material and Methods

Study Sites and Sample Collection
The study material is a part of the five Polish Scots pine provenance trials established in 1967 [44] . The provenance trials were designed following a scheme of a random block design with five replicates, with 1-year-old seedlings at a 1.0 × 1.0 m spacing. For our study, we considered 15 Scots pine provenances altogether, representing the highest possible climatic variation among Polish provenances (∆Prec > 400 mm, ∆T min = 4.9 • C, ∆T max > 2.9 • C; Table 1 ) that were planted in Sękocin, central Poland (SE; lat: 52.107103, lon: 20.85411; Table 1 ). These provenances represent the complete range of Scots pine in Poland; however, with an emphasis on north-eastern and western Poland (Figure 1 ). The selection of the SE trial was based on the average climatic conditions representative for all provenance trials [45] . Climatic descriptions of the SE trial were based on climate data from the National Oceanic and Atmospheric Administration (NOAA) agency (climate station in Okęcie, reference period 1973-2017; NOAA/NCEI/CWC http://www.noaa.gov/; see also Figure S1 ). From these climate data, the total sum of monthly precipitation (P) as well as the mean monthly temperature (T) were obtained to represent conditions in SE. To detect periods with water deficit, the standardized precipitation evapotranspiration indices integrated over three (SPEI3) and six months (SPEI6) were computed. SPEI was defined as the standardized difference between monthly precipitation and potential evapotranspiration [46] ( Figure 2A ). The limited availability of meteorological data motivated the use of the Hargreaves equation to estimate the potential evapotranspiration (PET), which is an alternative for the Food and Agriculture Organization of the United Nations 56 Penman-Monteith method [47, 48] :
where PET is the potential evapotranspiration, T mean is the mean of T max and T min , R a is extraterrestrial radiation, and 0.408 is a factor to convert units of MJ m −2 day −1 into mm day −1 . The soil at the site of the trial can be described as rusty soil which has developed on sandy dunes (IUSS Working Group WRB, [49] ). For each of the 15 provenances, 15 trees were sampled at breast height (1.3 m) for two increment cores in 2015, resulting in a total of 450 samples from 225 trees. 
Seed Production
To quantify the seed production, we used data obtained from the long-term seed crop monitoring carried out by the State Forest National Holding in Poland (SF, [50] ). In the analysis of growth-reproduction relationships, the number of cones produced per stand in the Chojnów Forest District (same region as the tree ring samples) was used as derived from the SF reports ( Figure 1 ). The seed crop data used for analyses do not directly refer to seed production during the provenance trial, although annual reports from the Chojnów Forest District suggest a convergence between seed crop monitoring data (SF, [50] ) and the quantity of cones annually observed in the Scots pine provenance trial. Since the period before 1988 corresponds with the first 20 years of juvenile tree growth-i.e., before trees reach full reproductive activity-data regarding seed crops in Chojnów Forest District have been limited to the period of 1988-2015. These data suggest an intensive seed production over the period 1988 to 2006, followed by a decline in seed production, which increased after 2012.
Insect Outbreaks
To analyze the effects of insect defoliation on growth patterns and/or seedings, we considered records of the four most important needle herbivores of Scots pine from Lepidoptera and Hymenoptera orders: Diprionidae spec., Lymantria monacha L., Bupalus piniarius L. and Panolis flammea Schiff. et Den [51] [52] [53] [54] [55] [56] [57] . The Scots pine needle herbivores considered in our study are characterized by high population dynamics during mass outbreak and thus pose a major threat to mid-European lowland coniferous forests. The time-series of needle herbivores were extracted from the SF database for the 
Seed Production
where BAIpost is the basal area increment (BAI) value in a post-event year (after an outbreak), BAI3-yr is the BAI average for three years previous to the considered event, and BAIevent is the BAI value in the event year. To test differences between provenances in recovery after the 2004 outbreak, for each pairwise combination, we used the Wilcoxon rank-sum test [59] . 
Insect Outbreaks
To analyze the effects of insect defoliation on growth patterns and/or seedings, we considered records of the four most important needle herbivores of Scots pine from Lepidoptera and Hymenoptera orders: Diprionidae spec., Lymantria monacha L., Bupalus piniarius L. and Panolis flammea Schiff. et Den [51] [52] [53] [54] [55] [56] [57] . The Scots pine needle herbivores considered in our study are characterized by high population dynamics during mass outbreak and thus pose a major threat to mid-European lowland Figure 2C , Table S1 ). To determine the resilience and recovery of provenances after a major L. monacha outbreak in 2004, we calculated a relative resilience index expressed in the relative growth deviation (RGD) [58] :
where BAI post is the basal area increment (BAI) value in a post-event year (after an outbreak), BAI 3−yr is the BAI average for three years previous to the considered event, and BAI event is the BAI value in the event year. To test differences between provenances in recovery after the 2004 outbreak, for each pairwise combination, we used the Wilcoxon rank-sum test [59] .
Sample Preparation
The samples were prepared, measured and analyzed in accordance with standard dendroecological protocol [60] . The cores were dried and sanded with abrasive paper (with a grain size up to 1000). Then, the radial cross section of each core was scanned (Epson Expression XL12000, Epson America, Inc., Long Beach, USA) at 1200 dpi resolution. Annual ring-widths were measured and cross-dated using "CooRecorder" and "CDendro" software (version 9.0, Cybis Elektronik & Data AB, Saltsjöbaden, Sweden) at a resolution of 0.01 mm. To create the tree-ring series, two series per tree were averaged to create a total of 225 individual ring-width series. Each tree-ring series was detrended using a cubic-smoothing spline with a 50% frequency cut-off at 30 years [61, 62] . To remove the remaining temporal autocorrelation and to emphasize the high-frequency signal (year-to-year variability) of the tree-ring series, the first-order autoregressive model (also known as "prewhitening") was applied to each series [63] , finally resulting in an indexed ring-width series (RWI). Fifteen provenance-specific chronologies for the period 1970-2014 were created on the basis of RWI using a biweight robust mean. We calculated the basal area increment (BAI) for each tree assuming a circular shape of the stems:
where r t is the cumulative radius of the growth year and r t−1 is the radius of the previous year. The datasets generated during and the current study are available from the corresponding author on reasonable request.
Dendrochronological Statistics
The gleichläufigkeit (glk, also known as the coefficient of coherence, [64, 65] ), mean sensitivity (MS, indicator of general climate sensitivity of growth), and 10-year moving window mean inter-series correlation (mean rbar, an indicator of the strength of the common signal in growth series from individual trees within a stand) were calculated to characterize and qualify provenance chronologies [63, 66, 67] . Additionally, to test the quality of the provenance chronologies, the expressed population signals (EPSs; a measure of quality of common growth signal within a population) [66] ) were calculated from detrended tree-ring series, whereas the MS and first-order autocorrelation (AR1; an indicator of the effects of previous-year conditions upon current year's growth) were calculated from the index series (RWI; the raw ring widths of each tree divided by the average ring width of the tree). These measures were calculated for the robust common overlap period from 1970-2014 and used to assess the quality and characteristics of the chronologies. 
Clustering and PCGA
The similarity of the RWI provenance chronologies was determined by hierarchical clustering using the Euclidean distance (root sum-of-squares of differences) as a similarity measure and Ward's clustering method with the criterion proposed in [68] . To verify the clustering structure of the dataset, different clustering methods-i.e., single and complete linkage, the unweighted pair group method with arithmetic mean (UPGMA) [69] , and Ward's method-were tested for their clustering structure using the agglomerative coefficient [70] . Since it expressed the highest agglomerative coefficient, we finally selected Ward's method. The provenance-specific individualistic growth reaction of trees was investigated using a refined version of the so-called principal component gradient analysis (PCGA) [71] ; that is, we sub-selected the individual series of indexed tree-ring data for each of the two provenances and performed a PCGA to explore for possible provenance-specific growth patterns. Since this was done for each possible pairwise combination of provenances, we term this analysis pairwise PCGA. For each pairwise combination, the Wilcoxon rank-sum test [59] was used to test whether the polar coordinates of RWI loadings expressed a provenance-specific location shift, which would indicate that the considered provenances express provenance-specific growth patterns in comparison to each other. To control the familywise error rate which may occur in the multiple comparison approach, a Bonferroni correction was applied [72] . To test the potential influence of the above average seed production on the among-provenance growth synchronicity, PCGA pairwise analysis was performed for three consecutive sub-periods (1970-1987, 1988-2006 and 2007-2014, respectively) . Due to the lack of available seed crop data for the provenance trial, sub-periods were defined in relation to the periods of weak and high seed production reported by SF seed crop monitoring. Only the last two years of the analyzed period (2013-2014) according to SF seed crop monitoring which were characterized by an increase in seed production, due to the minimum PCGA analysis requirements for the analyzed period, were included in the sub-period of weak seed production (2007-2014).
Pointer Years, Moving Inter-Series Correlation and Climate Sensitivity
To investigate the among-provenance growth synchrony, we used common pointer years (CPY), moving-window inter-chronology correlation, and interval trends (IT) [73] . Based on single-tree RWI, a pointer-year analysis was carried out, exploring provenance-specific growth reactions to extreme events [74] . The Neuwirth method, a window size of 5 years, and a series threshold of 65% were used as criteria for weak, strong, and extreme events, where the intensity classes refers to absolute Cropper values of >1, >1.28, and >1.645, respectively [75, 76] . Years in which at least eight out of 15 provenances indicated a pointer year were defined as common pointer years. The degree of homogeneity of growth reactions in individual years was determined using a moving-window inter-chronology correlation (RB; i.e.,the rbar of provenance chronologies) with a window size of 10 years, a window overlap of 9 years, and the so-called interval trend [74] .
where m is the number of trees that show a relative growth increase in a given year compared to the previous year and n refers to the number of trees considered. For climate sensitivity analyses, the mean monthly temperature, precipitation, SPEI3, and SPEI6 for the period 1970 to 2014 were used to calculate Spearman's rank correlation coefficients of indexed provenance chronologies with climatic variables from March in the previous year through to October in the current year. To test the temporal variation in climate sensitivity, a 20-year moving correlation window was calculated for the period 1970-2014.
Bioclimatic Analyses
In order to determine the bioclimatic distance between provenance origins and the trial site, a principal component analysis (PCA) of 19 bioclimatic parameters was performed. For this purpose, climate data for the trial site as well as for the locations representing the 15 different Scots pine origins were extracted from BIOCLIM 1.4 at a spatial resolution of 2.5 arcmin taken from the WorldClim -Global Climate Data website (www.worldclim.org, [77] ). Bioclimatic variables that were most closely related to the distribution of the provenances and sites along the principal components were determined on the basis of Pearson's correlation coefficients. The clustering of provenances according to their locations on the PCA biplot was determined visually.
All analyses were computed in R [78] . The extraction of climatic data values for the provenance-origin sites was done with the biovars function in the R package "dismo" [79] . PCA analyses as well as the biplot were created with fviz_pca_biplot functions from the "FactoMineR" package [80] . The detrending, chronology building, and calculation of chronology statistics were performed using the "dplR" package 1.6.4 [81] . Clustering analyses were calculated using the "cluster" 2.0.7-1 package [82] .
Pointer-year analysis was implemented using the "pointRes" package [83] . Standardized precipitation evapotranspiration indices were calculated using the "SPEI" package [84] . Moving correlations were performed using the "treeclim" package [85] .
Results
Radial Growth Chronologies
The mean sensitivity and mean inter-series correlation varied among provenance chronologies; however, no noticeable trend related to the geographical origins of provenance was detected. Thus, differing provenances often represent the same or a neighboring region of Poland (Table 2 ; Figure 1 ). The period 1988-2001 was characterized by a higher degree of asynchronicity of growth patterns between provenances as well as a mismatch of interval trends (IT). However, the declining trend for running rbar and coefficient of variation (CV) does not fully coincide with years of intensive seed production ( Figure 2B ,F,G). 
Growth Responses to the Insect Outbreak
The post-2004 resilience significantly differed between Scots pine provenances; i.e., provenances RU, RO, RY and JE were characterized by the highest RGD value among all studied provenances (2.04, 1.71, 1.44, and 0.90, respectively; Figure 3 ). High RGD values indicate low resilience (the post-event BAI has not surpassed the BAI three-year average); thus, provenances RU, RO, RY and JE manifested significantly lower resilience after L. monacha defoliation. 
Clustering and PCGA
The cluster analysis did not indicate a clear separation of provenance chronologies; however, some of the provenances that were grouped closely together originated from spatially neighboring sites (KA and BO, DL and RU, Figure S2 ). Moreover, NT, having the highest origin above sea level, took a special position relative to the remaining provenances (Table 1, Figure S2 ). Pairwise PCGA distinguished the NT provenance from other provenances; however, this was mostly for the period preceding and for the period of intensive seed production (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , respectively; Figure  4 ). In general, PCGA performed independently for the period preceding the period of high seed production and the subsequent one, which clearly underlined the effect of the reproduction effort differentiating provenances in terms of growth behavior. 
The cluster analysis did not indicate a clear separation of provenance chronologies; however, some of the provenances that were grouped closely together originated from spatially neighboring sites (KA and BO, DL and RU, Figure S2 ). Moreover, NT, having the highest origin above sea level, took a special position relative to the remaining provenances (Table 1, Figure S2 ). Pairwise PCGA distinguished the NT provenance from other provenances; however, this was mostly for the period preceding and for the period of intensive seed production (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , respectively; Figure 4 ). In general, PCGA performed independently for the period preceding the period of high seed production and the subsequent one, which clearly underlined the effect of the reproduction effort differentiating provenances in terms of growth behavior. 
Pointer Years
The pointer year analysis did not give us the opportunity to clearly distinguish the period of intensive seed production (i.e., 1988-2006) from the preceding and following years, which were periods of distinctly lower reproduction capacity ( Figure 5) ; that is, only three pointer years were common to most provenances, but all of them were outside or at the end of the period of intensive seed production-i.e., 1972, 1977 (positive), and 2006 (negative) ( Figure 2H ). Nevertheless, the majority of the period of intensive seed production (1988-2002) was generally characterized by a lower frequency of pointer years ( Figure 5 ). 
The pointer year analysis did not give us the opportunity to clearly distinguish the period of intensive seed production (i.e., 1988-2006) from the preceding and following years, which were periods of distinctly lower reproduction capacity ( Figure 5 ); that is, only three pointer years were common to most provenances, but all of them were outside or at the end of the period of intensive seed production-i.e., 1972, 1977 (positive), and 2006 (negative) ( Figure 2H ). Nevertheless, the majority of the period of intensive seed production (1988-2002) was generally characterized by a lower frequency of pointer years ( Figure 5 ). 
Climate-Growth Relationships
Climate correlations confirmed a largely uniform growth reaction of most provenances; however, for individual provenances, a pronounced reaction to selected climatic factors was observed. Provenance NT indicated a higher drought susceptibility, which was expressed by significant correlations with the temperature of the current May and the previous July, as well as the SPEI3 and SPEI6 of June-September ( Figure 6A , B, D). However, some climatic drivers were common to most provenances, namely March temperature, the previous May's precipitation and drought conditions (SPEI3) in August ( Figure 6A-C) . In general, the SPEI3 and SPEI6 indices for the period preceding the growing season correlated negatively with RWI, while for the current growing season, they correlated positively. Finally, some provenances did not show a lack of reaction to the considered drought indices (DL, LI and JE, Figure 6D ). 
Climate correlations confirmed a largely uniform growth reaction of most provenances; however, for individual provenances, a pronounced reaction to selected climatic factors was observed. Provenance NT indicated a higher drought susceptibility, which was expressed by significant correlations with the temperature of the current May and the previous July, as well as the SPEI3 and SPEI6 of June-September ( Figure 6A ,B,D). However, some climatic drivers were common to most provenances, namely March temperature, the previous May's precipitation and drought conditions (SPEI3) in August ( Figure 6A-C) . In general, the SPEI3 and SPEI6 indices for the period preceding the growing season correlated negatively with RWI, while for the current growing season, they correlated positively. Finally, some provenances did not show a lack of reaction to the considered drought indices (DL, LI and JE, Figure 6D ).
Climatic Transfer Effect
The PCA applied to the 19 bioclimatic variables representing the 15 origin sites as well as the provenance trial site explained a total of 74.59% of the overall variance ( Figure 7 , Table 3 ). The first principal component (PC) explained 49.11% of variance and was positively correlated (0.30 < r < 0.31) with precipitation (bio12-13, bio16 and bio18) and negatively correlated (−0.29 < r < −0.11) with the annual mean temperature and mean temperature of the growing season (bio1, bio5-6, bio8-11). The second principal component (PC2) explained 25.48% of variance (Table 3) and was positively correlated (0.21 < r < 0.39) with the annual mean temperature, isothermality, and mean temperature, as well as the precipitation of the growing season (bio3, bio6, bio9, bio11 and bio14). Moreover, PC2 was negatively correlated with the temperature seasonality and annual range of temperature (bio4, bio7; −0.40 < r < −0.42). 
The PCA applied to the 19 bioclimatic variables representing the 15 origin sites as well as the provenance trial site explained a total of 74.59% of the overall variance ( Figure 7 , Table 3 ). The first principal component (PC) explained 49.11% of variance and was positively correlated (0.30 < r < 0.31) with precipitation (bio12-13, bio16 and bio18) and negatively correlated (−0.29 < r < −0.11) with the annual mean temperature and mean temperature of the growing season (bio1, bio5-6, bio8-11). The second principal component (PC2) explained 25.48% of variance (Table 3) and was positively correlated (0.21 < r < 0.39) with the annual mean temperature, isothermality, and mean temperature, as well as the precipitation of the growing season (bio3, bio6, bio9, bio11 and bio14). Moreover, PC2 was negatively correlated with the temperature seasonality and annual range of temperature (bio4, bio7; −0.40 < r < −0.42). The western provenances (GU, KA, BO and RY) presumably formed a cluster, confirming the similarity of the provenances in terms of their climate origin, while other provenances-apart from NT-formed a separate cluster including northern and eastern locations (TA, LI, ST, SU, SP, JL, RO, DL, RU and JE; Figure 7 ). NT was located on the periphery of the PC biplot, which may result from its origin, namely the highest location above sea level. The location of the SE trial site between both clusters but on the opposite side of the PCA biplot with respect to NT indicated the average SE site conditions resembling most of the provenances. Table 3 . Pearson's correlation coefficients (p-value) between climatic variables and the first two major components, with eigenvalues and the explained variation. The western provenances (GU, KA, BO and RY) presumably formed a cluster, confirming the similarity of the provenances in terms of their climate origin, while other provenances-apart from NT-formed a separate cluster including northern and eastern locations (TA, LI, ST, SU, SP, JL, RO, DL, RU and JE; Figure 7 ). NT was located on the periphery of the PC biplot, which may result from its origin, namely the highest location above sea level. The location of the SE trial site between both clusters but on the opposite side of the PCA biplot with respect to NT indicated the average SE site conditions resembling most of the provenances.
Bioclimatic Variables
Temporal Variation in Climate Sensitivity
The moving window correlation, performed separately for each provenance, confirmed the provenance-specific temporal variability of climatic sensitivity; provenances KA, TA, DL, BO, LI and JL were characterized by a stable climate reaction to March temperatures, while provenances RU, RO, SU, ST, GU, RY, JE and SP were distinguished by a weakened or no reaction in 1997-2002. In turn, provenance NT, with the highest origin above sea level, reacted to the temperature of the beginning of the growing season only in recent years ( Figure S3 ). The climate sensitivity of provenances in relation to drought conditions (SPEI 3 and SPEI6) was generally characterized by a strong reaction in the first 3-6 years of the studied period, a weakened reaction in the next several years, and a strong reaction at the end of the period ( Figure S4 ). However, the majority of provenances showed a growth reaction to the conditions of drought in May of the period 1997-2002. Only provenances TA, BO and SP did not show a common reaction within the mentioned period.
Discussion
Our analyses demonstrate the synergistic effect of both abiotic and biotic environmental factors on long-term trends in growth synchrony among P. sylvestris provenances. During periods with favorable growth conditions, differences among provenances were emphasized. In turn, adverse abiotic (drought) conditions intensified the synchronicity among provenances. The observed insect defoliations did not further desync growth among provenances. As was observed, growth heterogeneity started prior to the insect outbreak (2004) , the year after a severe drought, and as a result caused a uniform growth depression in 2005. Nevertheless, in terms of post-outbreak resilience, a significant between-provenance differentiation of growth reaction was noticeable. The periods of high seed production (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) recorded in managed stands in Chojnów Forest District adjacent to the provenance trial do not reflect the inter-provenance synchronization of radial growth. Thus, apart from biotic conditions, insect herbivores rather than seed productions seem to modulate the temporal dynamics of radial growth synchronization among Scots pine provenances. However, considering both groups of factors-abiotic and biotic-the first factors (mainly droughts) seem to be of key importance for the temporal variation in radial growth synchrony.
Climate-Driven between-Provenance Variation
The main climatic factor limiting the growth of most provenances is the effect of a negative water balance at the end of the growing season ( Figure 6C ,D; Figures S3 and S4) . Although only the last month of the period included in climate correlations (August) is significantly correlated with growth, this relationship is determined by the three preceding months used to calculate SPEI3. Thus, it can be concluded that the drought conditions of the summer season are the main climatic driver affecting the radial growth of Scots pine provenances. These results are consistent with recent studies on Scots pine, regardless of the study region (e.g., [86] [87] [88] [89] ). An additional climatic factor crucial to initiating growth activity is the temperature of the month preceding the growing season (March, Figure 6A ). This may be related to critical temperatures limiting the allocation of assimilated carbon to xylem cells [90] and/or the amount of starch in storage tissues around the cambium [91] . The third important climatic factor for radial growth appears to be the precipitation in May of the previous year ( Figure 6B ). If we assume that high precipitation is related to cloudiness, then reduced solar radiation can substantially reduce the photosynthetic efficiency of trees and thus cause the depletion of synthesized sugars, finally causing a growth reduction [92] . Climate-growth relationships were heterogeneous among some provenances; provenances RU, SU, GU, BO, and NT showed a sensitivity to long-term drought effects (SPEI6; Figure 6D ; Figure S4 ). The majority of Scots pine provenances was found to be relatively sensitive to the middle-term effect of drought conditions, expressed by SPEI3 correlations for August ( Figure 6C ). Interestingly, the other key climatic factors-namely the temperature of the current March and the precipitation of the previous May-triggered a relatively uniform growth reaction of all provenances ( Figure 6A,B) . Only provenance NT manifested insensitivity to climatic conditions in March ( Figure S3 ).
So far, an intra-specific variability in the drought adaptation of Scots pine has been found while testing a wide range of provenances covering the European [93] [94] [95] and Central Siberian [96] range of this species. Studies performed on two provenance trials located in Germany showed an above-average height growth of two Polish provenances (mainly Supraśl and Bolewice) with near-average tolerance to drought [94] . Both Polish provenances mentioned in the studies of Taeger et al. [94] were included in the current study (SU and BO, respectively, Table 1 , Figure 1 ). Based on the present study, both of them can be classified as drought-sensitive Polish provenances, whereas in German studies, they have been defined as moderately sensitive. Therefore, it can be concluded that a group of drought-resistant Polish provenances (KA, TA, DL, RO, LI and JE) would most likely express drought-adaptation in Central Europe.
Biotic Determinants of Temporal Dynamics in Radial Growth
Most of the period of intensive seed production observed in managed stands in Chojnów Forest District adjacent to the provenance trial (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) coincided with a period of high heterogeneity of growth behavior in Scots pine provenances, expressed as the lack of uniformity in IT. However, the pointer years analysis does not support this finding, as only three CPYs were determined in the analyzed period, of which two positive CPYs occurred during the juvenile phase of growth while the negative CPY occurred in the period of intensive seed production (in its final phase). Drawing conclusions about relationships between intense seed production and growth uniformity is, however, risky in the absence of a direct observation of seed crops from provenance trial or even in relation to a specific provenance. Seed production efforts can be highly diverse, both among provenances and between individuals, due to the canopy position and microenvironmental conditions, tree size and genetic structure [97] [98] [99] [100] . Thus, the differences between the provenance trial and neighboring managed stands can interfere with the regional synchronization of seed production. On the other hand, however, there is evidence of the regional synchronization of seed production between Scots pine populations [101] . The years of rapid development of the population of insect herbivores expressed in the area of highly defoliated stands only partially overlap with the period of growth heterogeneity; the second period of insect outbreak (2003) (2004) (2005) corresponds to a distinct growth pattern ( Figure 2C , Table  S1 ), confirming correlations between drought conditions that weaken trees and insect outbreak [9] . Interestingly, the highest level of sawfly, nun moth, pine looper moth and pine beauty moth population development occurred a year after the extreme droughts recorded throughout Europe ( Figure 2C , Table  S1 ; [102, 103] ). These observations support the theory that the drought-induced physiological stress of trees may reduce resistance against herbivores [38] [39] [40] . Nevertheless, the largest area of occurrence of nun moth was observed in 2004, when the growth recovery after drought was recorded, and only in the following year was a negative growth reaction noticeable. This pattern can be explained by the specific pine response to insect defoliation when the recovery of needles takes priority over growth, since a reduced photosynthetic area and carbohydrate pool cause the intense utilization of carbohydrate reserves [104] . The combined effects of multiple stressors-i.e., herbivory by different insect species with different feeding strategies, drought periods, and additionally climatically-driven reproductive events-creates a complex of interrelated biotic and abiotic factors that are reflected in the growth pattern and performance of trees.
Individualistic Growth Response and Provenance Clustering
The pairwise PCGA of provenances highlighted the effect of reproductive efforts on the inter-provenance variability of growth reactions. This phenomenon is less noticeable in the period preceding intensive seed production and almost imperceptible in the following period (Figure 4 ). In the period 1988-2006, the provenance NT took a special position, which may support the theory that the high-elevation population characterized by the highest bioclimatic distance to the trial site (Figure 7 ) reached the limit of adaptability at the trial site [105] . In the case of the remaining provenances, the within-population variability in growth reactions to the common growth factor seems to be high compared to NT. Such high intra-individual variability within provenances is in line with previous studies on Scots pine provenance trials [106] .
Both the cluster analysis as well as the pairwise PCGA distinguished NT as a single-provenance sub-cluster (Figure 4, Figure S2 ). This likely reflects the bioclimatically-determined ecological distance in relation to provenance-specific growth behavior, since the NT, due to its close to the mountain climate of origin, occupies a special bioclimatic niche (Figure 7 , Table 3 ). Thus, the effect of artificially transferred populations manifested in distinct growth patterns resembles an environmentally-dependent phenotype expression [107, 108] . The majority of provenances formed two main sub-clusters; however, within the same sub-cluster, both closely localized provenances and others from the edge of the species range in Poland were located. Nevertheless, considering the climatic conditions they represent, all of them seem to be climatically similar to conditions at the trial site ( Figure 7 , Table 1 ). The above findings are consistent with the observed highly homogeneous genetic structure of European Scots pine populations and their high phenotypic variability [109] ; the only exception to this is the marginal population NT [110] .
Conclusions
Our study, although it was based on a limited dataset (a single provenance trial and 15 Scots pine provenances covering only Central European distribution), shows that, under spatially uniform but temporally heterogonous climatic conditions, Scots pine provenances manifest temporal variations of growth synchrony. The bioclimatic distance between the climate of provenance origin and the climate of provenance trial determines periods of weak and strong uniformity in provenance-related growth patterns. The main climatic drivers of provenance growth synchrony are related to the hydrological conditions of the previous and current spring. Moreover, stress introduced by drought likely increases the susceptibility of trees to insect herbivory. In conclusion, our results indicate both abiotic and biotic factors that can modulate the temporal dynamics of radial growth synchrony. Insect herbivory, similar to drought periods, results in a more synchronous growth response, while post-outbreak resilience is provenance-specific. Moreover, as insect defoliation can be initiated by drought, both factors can interact synergistically. Understanding the temporal variation of provenance-specific growth behavior in the context of abiotic and biotic factors seems to be important when evaluating the adaptive potential of provenances to climate change. This, however, requires the extension of such studies on multisite provenance experiments and the inclusion of provenance-focused seed production data. 
